Abstract: We show that simplified models used to describe the interactions of dark matter with Standard Model particles do not in general respect gauge invariance and that perturbative unitarity may be violated in large regions of the parameter space. The modifications necessary to cure these inconsistencies may imply a much richer phenomenology and lead to stringent constraints on the model. We illustrate these observations by considering the simplified model of a fermionic dark matter particle and a vector mediator. Imposing gauge invariance then leads to strong constraints from dilepton resonance searches and electroweak precision tests. Furthermore, the new states required to restore perturbative unitarity can mix with Standard Model states and mediate interactions between the dark and the visible sector, leading to new experimental signatures such as invisible Higgs decays. The resulting constraints are typically stronger than the 'classic' constraints on DM simplified models such as monojet searches and make it difficult to avoid thermal overproduction of dark matter.
Introduction
After the successful discovery of a Higgs Boson consistent with the predictions of the Standard Model (SM), the focus of the current and upcoming runs of the Large Hadron Collider (LHC) at 13 TeV will be to discover evidence for physics beyond the SM. Among the prime targets of this search is dark matter (DM), which has so far only been observed via its gravitational interactions at astrophysical and cosmological scales. Since no particle within the SM has the required properties to explain these observations, DM searches at the LHC are necessarily searches for new particles.
In fact, LHC DM searches are also likely to be searches for new interactions. Given the severe experimental constraints on the interactions between DM and SM particles, it is a plausible and intriguing possibility that the DM particle is part of a (potentially rich) hidden sector, which does not couple directly to SM particles or participate in the known gauge interactions. In this setup, the visible sector interacts with the hidden sector only via one or several new mediators, which have couplings to both sectors.
In the simplest case the mass of these mediators is large enough that they can be integrated out and interactions between DM particles and the SM can be described by higher-dimensional contact interactions [1, 2] . This effective field theory (EFT) approach has been very popular for the analysis and interpretation of DM searches at the LHC [3] [4] [5] . Nevertheless, as any effective theory it suffers from the problem that unitarity breaks down if the relevant energy scales become comparable to the cut-off scale of the theory [6] [7] [8] [9] [10] (for other examples of applying unitarity arguments in the DM context see refs. [11] [12] [13] [14] ).
The easiest way to avoid this problem appears to be to explicitly retain the (lightest) mediator in the theory. The resulting models are referred to as simplified DM models, in which couplings are only specified after electroweak symmetry breaking (EWSB) and no ultraviolet (UV) completion is provided [15] . Compared to the EFT approach, simplified models have a richer phenomenology [8, [16] [17] [18] [19] [20] [21] [22] [23] , including explicit searches for the mediator itself [24] [25] [26] . Moreover, it is possible to achieve the DM relic abundance in large regions of parameter space [26] [27] [28] . Constraining the parameter space of simplified DM models is therefore a central objective of experimental collaborations [29] [30] [31] .
In the present work we focus on the case of a spin-1 s-channel mediator [24, 28, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . Our central observation is that the simplified model approach is not generally sufficient to avoid the problem of unitarity violation at high energies and that further amendments are required if the model is to be both simple and realistic. In particular, a spin-1 mediator with axial couplings violates perturbative unitarity at large energies, pointing towards the presence of additional new physics to restore unitarity.
Indeed, the simplest way to restore unitarity is to assume that the spin-1 mediator is the gauge boson of an additional U (1) gauge symmetry [47, 48] and that its mass as well as the DM mass are generated by a new Higgs field in the hidden sector. The famous LeeQuigg-Thacker bound [49] implies that the additional Higgs boson cannot be arbitrarily heavy and may therefore play an important role for LHC and DM phenomenology. In particular, it can mix with the SM-like Higgs boson and mediate interactions between DM particles and quarks.
Furthermore, we require for a consistent simplified DM model that the coupling structure respects gauge invariance of the full SM gauge group before EWSB (see [50] for a similar discussion in the EFT context). If the mediator has axial couplings to quarks, this requirement implies that the new mediator will also have couplings to leptons and mixing with the SM Z boson, both of which are tightly constrained by experiments. Much weaker constraints are obtained for the simplified DM model containing a spin-1 mediator with vectorial couplings to quarks. Constraints from direct detection can be evaded if the mediator has only axial couplings to DM, which naturally arises in the case that the DM particle is a Majorana fermion. We discuss the importance of loop-induced mixing effects in this context, which can play a crucial role for both direct detection experiments and LHC phenomenology.
The outline of the paper is as follows. Starting from a simplified model for a spin-1 s-channel mediator, we explore in section 2 the implications of perturbative unitarity, deriving a number of constraints on the model parameters and in particular an upper bound on the scale of additional new physics. In section 3 we then consider the case where this additional new physics is a Higgs field in the hidden sector and derive an upper bound on the mass of the extra Higgs boson. We then discuss additional constraints on the SM couplings implied by gauge invariance. Section 4 focuses on the case of non-zero axial couplings between SM fermions and the mediator, whereas in section 5 we assume that the SM couplings of the mediator are purely vectorial. Finally, we discuss the experimental implications of a possible mixing between the SM Higgs and the hidden sector Higgs in section 6. A discussion of our results and our conclusions are presented in section 7.
In the following we will apply these inequalities to leading-order matrix elements in order to identify regions in parameter space where perturbative unitarity is violated. Since these matrix elements are always real in the present context, only the second constraint will be relevant.
If the matrix M J if is diagonalized the inequality in eq. (2.2) becomes an equality. Hence, stronger constraints can be obtained by considering the full transition matrix connecting all possible 2-particle states with each other (or some submatrix thereof) and calculating the eigenvalues of that matrix. Then the bounds from eq. (2.3) have to hold for each of the eigenvalues [52] .
We note that d J 00 (θ) = P J (cos θ), where P J are the Legendre polynomials. If initial and final state both have zero total spin, eq. (2.1) therefore becomes identical to the familiar partial wave expansion of the matrix element. In the following we will focus on the J = 0 partial wave, which typically provides the strongest constraint. Since d 0 µµ is non-zero only for µ = µ = 0, we then obtain from eq. (2.1)
Application to a simplified model with a Z mediator
Let us consider a simplified model for a spin-1 mediator Z µ with mass m Z and a Dirac DM particle ψ with mass m DM . 1 The most general coupling structure is captured by the following Lagrangian:
Although these interactions appear renormalisable, the presence of a massive vector boson implies that perturbative unitarity may be violated at large energies. In the following, we will study this issue in detail and derive constraints on the parameter space of the model. Let us first consider diagrams between 2-fermion states with the Z as mediator. The appropriate propagator for the mediator is 6) where k µ is the momentum of the mediator. For the case of a gauge boson this corresponds to unitary gauge in which the Goldstone boson has been absorbed. Since we are interested in the high-energy behaviour of the theory we concentrate on the second term, which does not vanish in the limit k → ∞. This corresponds to restricting to the longitudinal component of the mediator, Z L , which dominates at high energy [51] . 2 For instance, considering DM annihilations, we can contract the longitudinal part of the propagator with the DM current. Making use of k = p 1 + p 2 , where p 1 and p 2 are the momenta of the two DM particles in the initial state, leads to a factor
1 In the case of Majorana DM the vector current vanishes and hence there can only be an axial coupling on the DM side. We will come back to this case shortly but will consider Dirac DM here to allow for both vectorial and axial couplings. s. This divergence is not related to the UV completeness of the theory, but signals breakdown of perturbativity in the IR, see also [14] . By restricting to the longitudinal components of the Z [51] we can avoid the occurence of those IR divergences.
Hence, the second term in the propagator behaves exactly like a pseudoscalar with mass m Z and couplings to DM equal to 2 g A DM m DM /m Z , just like the Goldstone boson present in Feynman gauge. Note that the term is independent of the vector couplings. The same argument holds for the quark couplings, which are found to be given by 2 g A f m f /m Z . This consideration suggests that perturbative unitarity will not only lead to bounds on g V,A , but also on the combination g A f m f /m Z . We can make this statement more precise by applying the methods outlined in the previous subsection to the self-scattering of two DM particles or two SM fermions. We obtain for any fermion f with axial couplings g A f = 0 that the fermion mass must satisfy the bound
Here f can be any fermion, including SM fermions and the DM particle. As suggested by the above discussion we do not obtain any bound on the masses of fermions with purely vectorial couplings, nor on the scale of new physics. Let us now turn to the discussion of processes involving Z in the external state, in particular Z with longitudinal polarisation. For concreteness, we study the process ψψ → Z L Z L . 3 At large momenta, k 2 m 2 Z , the polarisation vectors of the gauge bosons can be replaced by µ L (k) = k µ /m Z . One might therefore expect the matrix element for this process to grow proportional to s/m 2 Z . However, such a term is absent due to a cancellation between the t-and u-channel diagram. To obtain a non-zero contribution, one needs to include a mass insertion along the fermion line [53] . It turns out that the contribution proportional to g V DM still cancels in this case and that the leading contribution at high energies becomes proportional to (g A DM ) 2 √ s m DM /m 2 Z . As a result, perturbative unitarity is violated unless [53] [54] [55] 
For larger energies new physics must appear to restore unitarity. This can be accomplished by including an additional diagram with an s-channel Higgs boson, since both contributions have the same high-energy behaviour. The consideration above implies an upper bound on the mass of the Higgs that breaks the U (1) and gives mass to the Z :
We will discus the consequences of such an extension of the minimal model in section 3. In summary we have found that there are two different types of constraints on the parameters of this simplified model, even for perturbative couplings. For non-vanishing 3 Note that this process corresponds to an off-diagonal element of M if , with i = f , whereas the bounds from eq. (2.3) apply for diagonal elements. In order to apply the unitarity constraint we consider the 2 × 2 submatrix of M if spanned by the states ψψ and Z L Z L . For s → ∞ only the off-diagonal element survives, and hence the eigenvalues of the matrix become equal to the off-diagonal element, and we can apply eq. (2.3). 4 Our result differs from the one in [53] by a factor 1/ √ 2. axial couplings there is an energy scale for which the theory violates perturbative unitarity and needs to be UV completed, see eq. (2.9). In addition, imposing that the coupling between the longitudinal component of the vector mediator and the DM particle remain perturbative, we find that the vector mediator cannot be much lighter than the DM, see eq. (2.8). This constraint is not related to missing degrees of freedom and is therefore completely independent of the UV completion. We illustrate both constraints in figure 1 for different axial couplings and a DM mass m DM = 500 GeV.
To conclude this section, we emphasise that for pure vector couplings of the Z (g A DM = g A f = 0) the simplified model considered in this section is well-behaved in the UV in the sense that there is no problem with perturbative unitarity. 5 Indeed in this specific case a bare mass term for the dark matter is allowed such that it is sufficient to generate the vector boson mass via a Stueckelberg mechanism without the need for additional degrees of freedom [56, 57] . However, this specific coupling configuration is highly constrained, since it is very difficult to evade bounds from direct detection experiments and still reproduce the observed DM relic abundance. This is illustrated in figure 2 where we show the parameter region excluded by the bound on the spin-independent DM-nucleon scattering cross section from LUX [58] and the parameter region where the DM annihilation cross section becomes so small that DM is overproduced in the early Universe. One can clearly see that only a finely-tuned region of parameter space close to the resonance m DM = m Z /2 is still allowed. For the rest of the paper, we will therefore not consider this case further and always assume that at least one of the vector couplings vanishes such that direct detection constraints can be weakened. 
Parameter space excluded by the bound on the spinindependent DM-nucleon scattering cross section from LUX (green, dashed) and the parameter region where the DM annihilation cross section becomes so small that DM is overproduced in the early Universe (red, solid).
Including an additional Higgs field
As we have seen in the previous section, for non-zero axial couplings the simplified model violates perturbative unitarity at high energies, implying that additional new physics must appear below these scales. This observation motivates a detailed discussion of how to generate the vector boson mass from an additional Higgs mechanism. To restore unitarity let us therefore now consider the case that the Z is the gauge boson of a new U (1) gauge group. To break this gauge group and give a mass to the Z , we introduce a dark Higgs singlet S, which needs to be complex in order to allow for a U (1) charge. We then obtain the following Lagrangian
where the first term is the usual SM Lagrangian and the second term describes the interactions of DM. The third term contains the interactions between SM states and the new Z gauge boson while the fourth term contains the extended Higgs sector.
Implications for the dark sector
As mentioned above, it is well-motivated from a phenomenological perspective to consider the case that vector couplings to the Z mediator vanish in at least one of the two sectors, so that direct detection is suppressed. On the DM side this is naturally achieved for a Majorana fermion, which we will focus on from now. We therefore write
where χ is a Weyl spinor. We assume that χ carries a charge q DM under the new U (1) gauge group, such that under a gauge transformation
where g is the gauge coupling of the new U (1) . The kinetic term for ψ can hence be written as
The U (1) charge forbids a Majorana mass term. Nevertheless, if the Higgs field S carries charge q S = −2q DM , we can write down the gauge-invariant combination
Including the kinetic and potential terms for the Higgs singlet, the full dark Lagrangian therefore reads
Once the Higgs singlet aquires a vacuum expectation value (vev), it will spontaneously break the U (1) symmetry, thus giving mass to the Z gauge boson and the DM particle. After symmetry breaking, we obtain the following Lagrangian (defining S = 1/ √ 2(s + w) and using
with
If the SM Higgs is charged under the U (1) the Z mass will receive an additional contribution from the SM Higgs vev, see eq. (3.19) below. Electroweak precisison data requires that this contribution is small, and therefore we neglect this term in eq. (3.8) and for the rest of this subsection. Note that without loss of generality we can choose w and y DM to be real (ensuring real masses) by absorbing complex phases in the field definitions for S and ψ. 6 As discussed above, the mass of the additional Higgs particle must satisfy
in order for perturbative unitarity to be satisfied, which when substituting the masses of the Z and DM becomes
Once we include such a new particle coupling to the Z , however, there are additional scattering processes such as ss → ss that need to be taken into account when checking perturbative unitarity [60] . Here we consider the scattering of the states ss/ √ 2 and
In the limit √ s m s m Z , the J = 0 partial wave of the scattering matrix takes the form [49] lim
Partial wave unitarity requires the real part of the largest eigenvalue, which corresponds to the eigenvector (ss + Z L Z L )/2, to be smaller than 1/2. We hence obtain the inequality
This inequality together with eq. (2.8) gives a stronger bound on the Higgs mass than the one obtained in eq. (2.10). In other words, the bound in (2.10) can never actually be saturated in this UV completion. We note that eqs. (2.8) and (3.12) can be unified to
Implications for the visible sector
For the discussion above we only needed to consider the DM part of the Lagrangian. Let us now also look at the coupling to the SM, see e.g. [61] . The interactions between SM states and the new Z gauge boson can be written as
where D µ denotes the SM covariant derivative. We can now immediately write down a list of relations between the different charges q required by gauge invariance of the SM Yukawa terms:
7 If right-handed neutrinos exist their charge qν R would be constrained by qH = q L − qν R to allow for a Yukawa term with the lepton doublet. In the following we assume that if right-handed neutrinos exist they are heavy enough to decouple from all relevant phenomenology.
After electroweak symmetry breaking, we obtain
Comparing the second line of eq. (3.16) with eq. (2.5) we can read off the vector and axial vector couplings of the fermions:
It is well known that a U (1) under which only SM fields are charged is in general anomalous, unless the SM fields have very specific charges (e.g. U (1) B−L is anomaly free). The relevant anomaly coefficients can e.g. be found in [61] . The presence of these anomalies implies that the theory has to include new fermions to cancel the anomalies. While these fermions can be vectorlike with respect to the SM, they will then need to be chiral with respect to the U (1) . The mass of the additional fermions is therefore constrained by the breaking scale of the U (1) . In particular, the bound from eq. (2.8) applies to these fermions as well and therefore they cannot be decoupled from the low-energy theory.
It is however interesting to note that the anomaly involving two gluons and a Z is proportional to
which always vanishes if we restrict the charges based on gauge invariance of the Yukawa couplings (see eq. (3.15)). This implies that no new coloured states are needed to cancel the anomalies, greatly reducing the sensitivity of colliders to these new states. 8 In any case, there are many different possibilities for cancelling the anomalies via new fermions. While the existence of additional fermions will lead to new signatures, a detailed investigation of these is beyond the scope of this work. If the SM Higgs is charged under U (1) (q H = 0) the mass of the Z receives a contribution from both Higgses:
and we obtain a mass mixing term of the form δm 2 Z µ Z µ with To conclude this section, it should be noted, that the Lagrangian introduced above is UV-complete (up to anomalies) and gauge invariant but does not correspond to the most general realization of this model. In particular the term
which will lead to mixing between the SM Higgs h and the dark Higgs s can be expected to be present at tree level. Furthermore, the term 22) which generates kinetic mixing between the Z and the Z-boson, respects all symmetries of the Lagrangian. It can be argued that might vanish at high scales in certain UVcompletions, but even in this case kinetic mixing is necessarily generated at the one-loop level and can have a substantial impact on EWPT. We will return to these issues and the resulting phenomenology of the model in sections 5 and 6. For the moment, however, we are going to neglect these additional effects and focus on the impact of δm = 0, which necessarily leads to mass mixing between the neutral gauge bosons in the case of nonvanishing axial couplings.
Non-zero axial couplings to SM fermions
Let us start with the case that axial couplings on the SM side are non-vanishing. An immediate consequence is that the SM Higgs is charged under the U (1) , which follows from eqs. (3.15) and (3.17) for g A f = 0. Note that these equations also imply that it is inconsistent to set the vectorial couplings for all quarks equal to zero. For example, if we impose that the vectorial couplings of up quarks vanish, i.e. g V u = 0, eq. (3.17) implies q u R = −L , which using eq. (3.15) leads to g V d = 2gL . In the following, whenever g A f = 0, we always fix g V f = g A f , which corresponds to settingL = q L = 0. Furthermore, eq. (3.15) requires that Z couplings are flavour universal and leptons couple with the same strength to the Z as quarks. This conclusion could potentially be modified by considering an extended Higgs sector, e.g. a two-Higgs-doublet model. Here we focus on the simplest case where a single Higgs doublet generates all SM fermion masses. This implies that the leading search channel at the LHC will be dilepton resonances, which give severe constraints. In principle also electron-positron colliders can constrain this scenario efficiently. Limits on a Z lighter than 209 GeV derived from LEP data imply g 10 −2 [62] (see also [63, 64] ). We do not include LEP constraints here since other constraints will turn out to be at least equally strong.
For general couplings, the partial decay width of the mediator into SM fermions is given by
where N c = 3 (1) for quarks (leptons). The decay width into DM pairs is
, on the other hand, the branching ratio is given by BR(R → ) ≈ 0.08-0.10 depending on the ratio m Z /m t .
We implement the latest ATLAS dilepton search [65] , complemented by a Tevatron dilepton search [66] for the low mass region, and show the resulting bounds in figure 3 . One can see that the bounds strongly depend on the assumed branching ratio of the Z . As a conservative limiting case we show g A DM = 1 and m DM = 100 GeV, which leads to a rather large branching fraction into DM and hence suppressed bounds. The second benchmark, m DM = 500 GeV, allows for Z decays to DM only for rather heavy Z s, leading to correspondingly more restrictive dilepton constraints. Overall the bounds turn out to be very stringent and the Z coupling to leptons and quarks needs to be significantly smaller than unity for 100 GeV m Z 4 TeV, so that dijet constraints are basically irrelevant in this case given that g q = g l .
The fact that the SM Higgs is charged also implies potentially large corrections to electroweak precision observables. In particular we obtain the non-diagonal mass term δm 2 Z µ Z µ leading to mass mixing between the SM Z and the new Z . The diagonalisation required to obtain mass eigenstates is discussed in the appendix. In the absence of kinetic mixing between the U (1) and the SM U (1) gauge bosons ( = 0), the resulting effects can be expressed in terms of the mixing parameter ξ = δm 2 /(m 2 Z − m 2 Z ) (see eq. (A.5) in the appendix with = 0). In particular, we can calculate the constraints from electroweak precision measurements, which are encoded in the S and T parameters. To quadratic order in ξ we find [67] 
where α = e 2 /4π. The resulting bounds are shown in figure 3 . To infer our bounds we use the 90% CL limit on the S and T parameters as given in [62] . Note that the bound from electroweak precision data is completely independent of the Z couplings to the DM as well as the DM mass. Hence, the same bound would apply also in the case of Dirac DM with vector couplings to the Z . Note however that since vectorial couplings to quarks are necessarily non-zero if g A q = 0 (see eqs. (3.15), (3.17)), there will be very stringent bounds from direct detection experiments on any model with g V DM = 0 due to unsuppressed spin-independent scattering. For Majorana DM, the vectorial coupling always vanishes and the constraints from direct detection are much weaker.
In figure 4 we show the constraints from electroweak precision data as well as LHC dilepton searches in the m DM − m Z plane for different values of the axial vector coupling to fermions. In the lower right corner of the plots (grey area) the perturbative unitarity condition from eq. (2.8) is violated. We also show the region excluded by direct detection searches (dark region in the lower left corners). For the axial-axial couplings DM-nucleus scattering proceeds through spin-dependent interactions, with a scattering cross section given by
where µ is the DM-nucleon reduced mass, N = p, n and a p = −a n = 1.18 is the effective nucleon coupling [62] . This is the dominant contribution in this case as the vector-axial coupling combination is even further suppressed. In the plots we show the bound on the spin-dependent scattering cross section that can be calculated from the published LUX results [58] , following the method described in [68] . We observe that in this case direct detection is never competitive with other constraints.
The red solid curves in Figs. 3 and 4 show the parameter values that lead to the correct relic abundance. In order to calculate the relic abundance we have implemented the model in micrOMEGAs v4 [69] , assuming that the mass of the Higgs singlet saturates the unitarity bound and setting the mixing with the SM Higgs to zero. 9 In the regions shaded in red (to the right/above the solid curve) there is overproduction of DM. In this region additional annihilation channels are required to avoid overclosure of the Universe, since the interactions provided by the Z are insufficient to keep DM in thermal equilibrium long enough. Such additional interactions could be obtained for instance from the scalar mixing discussed in section 6. Conversely, to the left/below the red solid curve the model 9 Note that since ξ can be large in some regions of parameter space, it is not a good approximation to expand the annihilation cross section in ξ. We therefore use the exact expression for the mixing between the neutral gauge bosons in terms of and δm 2 as derived in the appendix.
does not provide all of the DM matter in the Universe, since the annihilation rate is too high. Let us briefly discuss the various features that can be observed in the relic abundance curve. First there is a significant decrease of the predicted abundance as the DM mass crosses the top-quark threshold, m χ > m t , resulting from the fact that the s-wave contribution to the annihilation cross section is helicity suppressed and hence annihilation into top-quarks becomes the dominant annihilation channel as soon as it is kinematically allowed. The second feature occurs at m χ ∼ m Z and reflects the resonant enhancement of the annihilation process χχ →as the mediator can be produced on-shell. A third visible feature is a very narrow resonance at 2 m χ ∼ m s = √ π m Z /g A DM due to a resonant enhancement of the process χχ → s → Z Z. The position and magnitude of this effect depends on the mass of the dark Higgs, which has been (arbitrarily) fixed to saturate the unitarity bound. However, even for this extreme choice, it turns out to give a non-negligible contribution to the relic abundance. For m χ > m Z direct annihilation into two mediators becomes possible, leading to a significant decrease of the predicted relic abundance. Finally, the fact that the relic abundance curve in figure 4 touches the unitarity bound for high DM masses reflects the well-known unitarity bound on the mass of a thermally produced DM particle [11] .
All in all we find the case with non-vanishing axial couplings on the SM side to be strongly constrained by dilepton searches as well as electroweak precision observables, implying that in a UV complete model this is where a signal should first be seen. For comparison, we show recent bounds from LUX as well as from the CMS monojet search [29] . 10 We find that these searches, as well as searches for dijet resonances, are not competitive. Note that in figure 4 we assume g A DM = 1. We comment on smaller couplings on the DM side later in the context of figure 7. Let us now look at the case where axial couplings to quarks are taken to be zero, which will turn out to be somewhat less constrained.
Purely vectorial couplings to SM fermions
Let us now consider the case with purely vectorial couplings on the SM side, i.e. g A q = g A = g A ν = 0. In this case the SM Higgs does not carry a U (1) charge and therefore the charges of quarks and leptons are independent. In particular, it is conceivable that g V q g V , so that constraints from dilepton resonance searches can be evaded. Also there can in principle be a flavour dependence of the Z couplings to quarks. Nevertheless, to avoid large flavour-changing neutral currents, we will always assume the same coupling for all quark families in what follows [15] . Finally, in contrast to the case discussed above, tree-level Z − Z mass mixing is absent. It therefore seems plausible that the Z is the only state coupling to both the visible and the dark sector. Nevertheless, as mentioned In both panels we show the parameter space where perturbative unitarity is violated (grey).
For the relic density calculation we have assumed that the mass of the hidden sector Higgs saturates the unitarity bound.
above, potentially important effects in this scenario can be kinetic mixing of the U (1) gauge bosons as well as effects induced by the dark Higgs, which we are going to discuss below. Let us just mention that all these effects will also be present in the scenario discussed in the previous section. They are, however, typically less important than the effects of tree-level Z-Z mixing. We first consider the effects of kinetic mixing between the Z and the SM hypercharge gauge boson B:
where
A non-zero value of leads to mixing between the Z and the neutral gauge bosons of the SM (see App. A.1). As in the case of mass mixing discussed above, there are strong constraints on kinetic mixing from searches for dilepton resonances and electroweak precision observables. The dilepton couplings induced via the kinetic mixing parameter can be inferred from the mixing matrices and are given in the appendix, cf. eq. (A.10). The S and T parameters are given by
where for δm 2 = 0 the mixing parameter ξ is given by ξ = m 2 Z s W /(m 2 Z − m 2 Z ) at leading order. If is sizeable, i.e. if mixing is present at tree level, the resulting bounds can be In the right panel we show also the region excluded by LHC monojet (orange, dashed) and dijet (violet, dot-dashed) searches due to tree-level Z exchange for the adopted coupling choice. In both panels we show the parameter space where perturbative unitarity is violated (grey). For the relic density calculation we have assumed that the mass of the hidden sector Higgs saturates the unitarity bound.
quite strong. This expectation is confirmed in figure 5 . Note that the relic density curves shown in figure 5 are basically independent of , because freeze-out is dominated by direct Z exchange for the adopted choice of couplings.
While tree-level mixing is tightly constrained, it is reasonable to expect that vanishes at high scales, for example if both U (1)s originate from the same underlying non-Abelian gauge group, as in Grand Unified Theories. Since quarks carry charge under both U (1) and U (1) Y , quark loops will still induce kinetic mixing at lower scales [47] , but the magnitude of can be much smaller than what we considered above. The precise magnitude of the kinetic mixing depends on the underlying theory, but if we assume that (Λ) = 0 at some scale Λ 1 TeV, the kinetic mixing at a lower scale µ > m t will be given by [75] (
We can use this equation (setting µ = m Z ) to translate the bounds from figure 5 into constraints on g V q .
The results of such an analysis are shown in figure 6 assuming Λ = 10 TeV. As can be seen in figure 6 (left), searches for dilepton resonances give again stringent constraints, implying g V q < 0.1 for m Z = 200 GeV and g V q < 1 for m Z = 1 TeV. In the right panel of figure 6 we also show the constraints coming from LHC searches for monojets (i.e. jets in association with large amounts of missing transverse energy) and for dijet resonances, adopted from ref. [26] . 11 These limits are independent of the kinetic mixing since they originate from the tree-level Z exchange and probe larger values of m Z and smaller values of m DM . Nevertheless, dilepton resonance searches and EWPT give relevant constraints for small m Z and large m DM , which are difficult to probe with monojet and dijet searches.
We conclude from figure 6 that the combination of constraints due to loop-induced kinetic mixing and bounds from LHC DM searches leave only a small region in parameter space (a small strip close to the Z resonance), where DM overabundance is avoided. While this result depends somewhat on our choice Λ = 10 TeV and µ = m Z , it is only logarithmically sensitive to these choices.
It is worth emphasising that the unitarity constraints shown in figures 4-6 depend sensitively on the choice of g A DM (cf. figure 1) . We therefore show in figure 7 how these constraints change if we take g A DM = 0.1 rather than g A DM = 1. In this case both m DM and m s can be much larger than m Z . At the same time, however, relic density constraints become significantly more severe, excluding almost the entire parameter space with m DM < m Z (apart from the resonance region m DM ∼ m Z ). Even for m DM > m Z is it difficult to reproduce the observed relic abundance, because the annihilation channel χχ → Z Z is significantly suppressed due to the smallness of g A DM . It only becomes relevant close to the unitarity bound, where also the process χχ → ZZ mediated by the dark Higgs gives a sizeable contribution. While in the case with axial couplings on the SM side the region compatible with thermal freeze-out becomes fully excluded by dilepton resonance searches, the case with vector couplings on the SM side is very difficult to probe at colliders and direct detection, leading to a small allowed parameter region close to the bound from perturbative unitarity.
In addition to the effects of kinetic mixing, we have shown above that for g A DM = 0 the dark sector necessarily contains a new Higgs particle. The presence of this additional Higgs can change the phenomenology of the model in two important ways. First, loopinduced couplings of the dark Higgs to SM states may give an important contribution to direct detection signals. And second, there may be mixing between the SM Higgs and the dark Higgs, leading to pertinent modifications of the properties of the SM Higgs as well as opening another portal for DM-SM interactions. We will discuss loop-induced couplings in this section and then return to a detailed study of the Higgs potential in the next section.
For g A q = g V DM = 0, scattering in direct detection experiments is momentum-suppressed in the non-relativistic limit and the corresponding event rates are very small. This conclusion may change if loop corrections induce unsuppressed scattering [76] . Indeed, at the one-loop level the dark Higgs can couple to quarks and can therefore mediate unsuppressed spin-independent interactions. The resulting interaction can be written as L ∝ q m q sqq. After integrating out heavy-quark loops as well as the dark Higgs this interaction leads to
2 and hence it is a good approximation to apply the bounds obtained for g [26] assumes a Dirac DM particle, while we focus on Majorana DM. As a result, the invisible branching fraction will be somewhat smaller in our case and bounds from dijet resonance searches will be strengthened. The dijet bounds we show are therefore conservative.
-18 - an effective coupling between DM and nucleons of the form L ∝ f N m N m DMN Nψψ, where m N is the nucleon mass, N = p, n and f N ≈ 0.3 is the effective nucleon coupling.
In the non-relativistic limit, the diagram in the left of figure 8 induces the effective interaction
The corresponding spin-independent scattering cross section is given by
where µ is the DM-nucleon reduced mass. For masses of order 300 GeV and couplings of order unity this expression yields σ SI N ∼ 10 −46 cm 2 , which is below the current bounds from LUX but well within the potential sensitivity of XENON1T.
We note that there are two additional diagrams (shown in the second and third panel of figure 8 ) that also lead to unsuppressed spin-independent scattering of DM particles [76] . For m DM m N , the resulting contribution is given by
If there is no large hierarchy between m DM , m Z and m s , this contribution is of comparable magnitude to the one from dark Higgs exchange and interference effects can be important. Moreover, there may be a relevant contribution from loop-induced spin-dependent scattering. We leave a detailed study of these effects to future work.
Mixing between the two Higgs bosons
In addition to the loop-induced couplings of the dark Higgs to SM fermions discussed in the previous section, such couplings can also arise at tree-level from mixing. In fact, an important implication of the presence of a second Higgs field is that the two Higgs fields will in general mix, thus modifying the properties of the mostly SM-like Higgs. Furthermore, the mixing opens up the so-called Higgs portal between the DM and SM particles, leading to a much richer DM phenomenology than in the case of DM-SM interactions only via the vector mediator.
The mixing between the scalars is due to an additional term in the scalar potential:
The coupling λ hs is a free parameter, independent of the vector mediator. For non-zero λ hs , the scalar mass eigenstates H 1,2 are given by
where, as shown in App. A.2,
We emphasise that perturbative unitarity implies that m s cannot be arbitrarily large (for given m Z and g A DM ) and hence it is impossible to completely decouple the dark Higgs. The resulting Higgs mixing leads to three important consequences. First, the (mostly) dark Higgs obtains couplings to SM particles, enabling us to produce it at hadron colliders and to search for its decay products (or monojet signals). Second, the properties of the (mostly) SM-like Higgs, in particular its total production cross section and potentially also its branching ratios, are modified. And finally, both Higgs particles can mediate interactions between DM and nuclei, leading to potentially observable signals at direct detection experiments.
Higgs portal DM has been extensively studied, see for instance [12, 59, [77] [78] [79] [80] [81] for an incomplete selection of references. A full analysis of Higgs mixing effects is beyond the . Constraints on m s and λ hs from bounds on the Higgs invisible branching ratio (blue, dotted) and from bounds on the spin-independent DM-nucleon scattering cross section (green, dashed). In the grey parameter region unitarity constraints are in conflict with the stability of the potential.
scope of the present paper. Nevertheless, to illustrate the magnitude of potential effects, let us consider the induced coupling of the SM-like Higgs
For small λ hs , the resulting direct detection cross section is given by [77] 
where we can neglect an additional contribution from the exchange of a dark Higgs provided m 4 s m 4 h . The parameter regions excluded by the LUX results [58] are shown in figure 9 (green regions).
We note that (in the linear approximation) the direct detection cross section is independent of w and does therefore not depend on m Z or g A DM . Nevertheless w is not arbitrary, because unitarity gives a lower bound √ 4πw > max √ 2m DM , m s . At the same time, stability of the Higgs potential requires 4λ s λ h > λ hs . These two inequalities can only be satisfied at the same time if
In figure 9 , we show the parameter region where unitarity and stability are in conflict in grey.
Finally, if the DM mass is sufficiently small, the SM-like Higgs can decay into pairs of DM particles, with a partial width given by [77] Γ inv = 1 8π
(6.7) Figure 10 . Constraints in the m Z -m DM plane for different values of λ hs , taking the mass of the hidden sector Higgs to saturate the unitarity bound. The blue (dotted) region is excluded by bounds on the Higgs invisible branching ratio and the green (dashed) region is in conflict with bounds on the spin-independent DM-nucleon scattering cross section. The orange (dashed) region shows constraints from the CMS monojet search, the purple (dot-dashed) region is excluded by a combination of dijet searches from the LHC, Tevatron and UA2 (adopted from ref. [26] ). In the grey parameter region unitarity constraints are in conflict with the stability of the potential, the red region corresponds to DM overproduction. Note the change of scale in these figures.
The invisible branching fraction is tightly constrained by LHC measurements: BR(h → inv) < 0.27 [82] . Furthermore, a combined fit from ATLAS and CMS yields µ = 1.09
for the total Higgs signal strength [83] , which can be used to deduce BR(h → inv) < 0.11 at 95% CL. The resulting constraints, compared to the ones on σ SI N from LUX, are shown in figure 9 (blue regions).
The crucial observation is that the necessary presence of a dark Higgs will in general induce additional signatures and therefore lead to new ways to constrain models with a Z mediator using both direct detection experiments and Higgs measurements. However, since λ hs and m s are effectively free parameters, it is difficult to directly compare the constraints shown in figure 9 to the ones obtained from monojet and dijet searches at the LHC. Nevertheless, we can conservatively estimate the relevance of these effects by fixing the dark Higgs mass m s to the largest value consistent with perturbative unitarity.
The resulting constraints in the conventional m Z -m DM parameter plane with fixed couplings are shown in figure 10 . For comparison we show the constraints from the CMS monojet search [29] and a combination of dijet searches from the LHC, Tevatron and UA2 (adopted from ref. [26] ). We find that the additional constraints due to Higgs mixing provide valuable complementary information in the parameter region with small m Z and large m DM , which is difficult to probe with monojet or dijet searches. Note that for m Z > 2 TeV (not shown in figure 10 ) there is still an allowed parameter region if either m DM ≈ m Z /2 or m DM > m Z (cf. figure 6 ). Furthermore, it is worth emphasising that for smaller values of m s significantly stronger constraints are expected from Higgs mixing. Moreover, these constraints are independent of the SM couplings of the Z and will therefore become increasingly important in the case of small g q .
Discussion and Outlook
In this paper we have studied the so-called simplified model approach to DM used to parametrise the interactions of a DM particle with the SM via one or several new mediators. It should be clear that simplified models are considered merely as an effective description, used as a tool to combine different DM search strategies. Nevertheless, it is important that such models fulfil basic requirements, such as gauge invariance and that perturbative unitarity is guaranteed in the regions of the parameter space where the model is used to describe data. To ensure gauge invariance, one needs to impose certain relations between the different couplings, whereas it is necessary to introduce additional states in order to restore perturbative unitarity.
We have illustrated these issues by considering a simplified model consisting of a fermionic DM particle and a vector mediator, which may for example be the Z gauge boson of a new U (1) gauge symmetry in the hidden sector. The phenomenology of this model depends decisively on whether the couplings of the mediator are purely vectorial or whether there are non-zero axial couplings (implying that left-and right-handed fields are charged differently under the new U (1) ). Since the coupling structure on the SM side may be different from the one of the DM side, there are four different cases of interest: purely vectorial couplings on both sides, non-zero axial couplings on either the SM side or the DM side, and non-zero axial couplings in both sectors. Our results can be summarized as follows:
1. Vector(SM)-Vector(DM): In this case no additional new physics is needed to guarantee perturbative unitarity and the mass of the Z can be generated via the Stueckelberg mechanism. This model is however highly constrained phenomenologically and a thermal DM is excluded for large parts of the parameter space due to strong limits on the spin-independent DM-nucleon scattering cross section.
Generally, if at least one of the axial couplings is non-zero one needs new physics to unitarize the longitudinal component of the Z . As a simple example we consider a SM-singlet Higgs breaking the dark U (1) . Unitarity then requires the mass of the new Higgs to be comparable to the Z mass. Models with non-zero axial couplings are therefore expected to have a rich phenomenology with promising experimental signatures in DM direct detection experiments and invisible Higgs decays as well as additional DM annihilation channels.
Axial(SM)-Axial(DM):
The crucial observation in this case is that gauge invariance of the SM Yukawa terms requires that the SM Higgs has to be charged under the U (1) . This requirement has important implications for phenomenology:
(a) Electroweak symmetry breaking leads to mass mixing between the Z and the SM Z-boson, which is strongly constrained by EWPT.
(b) The axial couplings of SM fermions to the Z are necessarily flavour universal and equal for quarks and leptons. Hence, it is not possible to couple the DM particle to quarks without also inducing couplings of the Z to leptons. Since the LHC is very sensitive to dilepton resonances, the resulting bounds severely constrain the model (dominating over constraints from monojet and dijet searches).
3. Axial(SM)-Vector(DM): The constraints from EWPT and dilepton resonance searches are largely independent of the coupling between the Z and DM and therefore also apply in the case of purely vectorial couplings on the DM side. However, gauge invariance of the Yukawa couplings implies that it is impossible for the Z to have purely axial couplings to quarks. Consequently, as soon as there is a vectorial coupling on the DM side, one necessarily obtains a vector-vector component inducing unsuppressed spin-independent DM-nucleus scattering, which is strongly constrained by direct detection (see item 1 above).
Vector(SM)-Axial(DM):
In contrast to the couplings between the Z and quarks it is possible for the DM-Z coupling to be purely axial. Indeed, this situation arises naturally in the case that the DM particle is a Majorana fermion such that the vector current vanishes. If the couplings on the SM side are purely vectorial (i.e. left-and right-handed SM fields have the same charge), the SM Higgs is uncharged under the U (1) and consequently the constraints discussed in item 2 do not apply. Furthermore, the tree-level direct detection cross section is velocity suppressed, leading to much weaker constraints on this particular scenario.
Nevertheless, sizeable spin-independent DM-nucleus scattering can be induced at loop level. In addition, kinetic mixing between the Z and SM gauge bosons (at tree level or loop-induced) can be potentially important for EWPT and dilepton signatures. Assuming = 0 at Λ = 10 TeV, we find that bounds from searches for dilepton resonances due to loop-induced kinetic mixing can still be relevant and give constraints that are complementary to the ones obtained from monojet and dijet searches.
All in all we find that imposing gauge invariance and conservation of perturbative unitarity has important implications for the phenomenology of DM interacting via a vector mediator and that relevant experimental signatures are not captured by considering only the interactions of the vector mediator with DM and quarks. This observation is relevant for the interpretation of various recent analyses of Z -based simplified models, e.g. [22, 26, 28, 40, 41, 46] . Indeed, the Z model considered here is severely constrained by EWPT and dilepton resonance searches, either due to tree-level effects or loop-induced kinetic mixing. Moreover, the general expectation is that the mixing between the dark Higgs and the SM Higgs is sizeable and that as a result Higgs portal interactions are present in addition to the interactions mediated by the Z .
The weakest constraints are obtained in the case of purely vectorial couplings on the SM side and purely axial couplings on the DM side. Indeed, this is the only case where LHC monojet and dijet searches are potentially competitive with other kinds of constraints.
In all cases that we have considered we find the hypothesis of thermal DM production to be under significant pressure. In large regions of the parameter space which is still allowed by experiments additional annihilation channels (beyond the Z -mediated interactions) are necessary to avoid DM overabundance. A more systematic parameter scan of the model will be performed in a forthcoming publication [84] .
Two final comments are in order. First, in this work we have not taken into account gauge anomalies. In general new fermions are needed to cancel the anomalous triangle diagrams, potentially leading to additional signatures and further constraints on the model. However, due to the constraints implied by gauge invariance of the SM Yukawa terms, the gluon-gluon-Z anomaly vanishes automatically, so that the new fermions need not be charged under colour, making them difficult to probe at the LHC.
Second, the requirement of universality of all axial fermion charges (including leptons) follows from the gauge invariance of the SM Yukawa term. It relies on the fact that in the SM all fermion masses are generated by the same Higgs doublet. If the Higgs sector is more complicated, for example in a two-Higgs-doublet model, this condition is relaxed and it is possible to have different axial couplings to up-and down-type quarks or different axial couplings to quarks and to leptons. In any case, such extensions of the SM go significantly beyond the simplified model approach and would most likely have a number of implications for Higgs physics, EWPT and other searches for new physics.
In conclusion we would like to emphasise that one of the most intriguing implications of our study is that a model with a vector mediator should generically also contain a scalar mediator, corresponding to the dark Higgs that generates the vector mass. In the limit that the mass of the vector mediator is much larger than the mass of the scalar, our Z model can also be used to study simplified models with a scalar mediator, where gauge invariance and perturbative unitarity can be similarly problematic. Indeed, our findings suggest that a strict distinction between simplified models with scalar and vector mediators is unnatural and many of the issues with these models may be best addressed in a more realistic set-up combining the two. Future direct detection experiments together with the upcoming runs of the LHC will be able to thoroughly explore the parameter space of such a realistic simplified model and test the hypothesis of DM as a thermal relic.
A Coupling structure from mixing

A.1 Gauge boson mixing
In this appendix we discuss the mixing of a gauge bosonẐ of a new U (1) gauge group with the SM U (1) Y gauge fieldB and the neutral componentŴ 3 of the SU (2) L weak fields, where we use hats to denote the interaction eigenstates in the original basis. The mixing will then lead to the mass eigenstates Z , Z and A. Following the discussion in [67] , we consider an effective Lagrangian including both kinetic mixing and mass mixing (see also [48] ) 
